Abstract-A 3-D array of helical structures fabricated using holographic polymer-dispersed liquid crystals (H-PDLC) is presented. Multiple coherent beams are interfered to create a constructive helical pattern which is permanently captured using the standard H-PDLC method. Films with such array of helical structures have both diffractive and circular polarization sensitive reflective properties. !so-intensity patterns, design parameters, fabrication process, optical/electro-optical performance of these periodic helical structures are discussed along with their potential application for advanced electrooptical devices.
$ (Ofidequate dielectric contrast completely reflects normally incident circularly polarized light. The reflected light has the same rotation direction as the helical twist while transmits the circularly polarized light with a rotation in the opposite direction. Researchers have shown that periodic helical structures in the optimized tetragonal square form ham large and complete photonic handgaps. 1,2 These heliQal sttt~ctures have been widely investigated for color filte\~;~_ .r~:P-ectors, 4 and circular polarizers. )ight fdrmed by CLC and cholesteric polymers have been Wlr1elj' investigated for a number of applications such as low-power displays,9 3-D displays, 1 0 temperature sensors;-Ll lasers, 12 and col or-filter aiTays. 1 3 Glancing angle deposition (GLAD) is another method of creating such helical structures with a much largerc]ieJ.e?~ tric contrast.l5,16 Discrete helical posts are forn).~.~V~~Y oblique-angle physical vapor deposition where the su.l/,.t,r~te tilt angle is changed continuously during vapor flux .depo.si-= tion. The chiral microstructure is formed as a resultoflsllad~ owing effect from the rotating preformed structute·!' "'lhe pitch of the helix is determined by the speed of rotation. Other structures such as chevrons, helices, and zi7-zag structures on a nanometer scale have been fabricat'~d i~~fhg this method.l6
Direct laser writing (DLW) has been used to fabf~\cate the helical photonic c1ystal structure.l7-20 A pulsed iaser with the single-photon energy lower than the polp1?.e.~}.z~t tion threshold of the photoresist is sharply focused 9!/ :~~e sample to create a multiphoton point. The photores~st f,m_~l:
plc is then precisely maneuvered with a computer-~·mV 1 IJll~ I' I I . 19 ICe sea mg 1e 1avwr.
It is possible to fabricate such helical structur~~i fnJh~ order of the wavelength of light using a holographic method' Pang and eo-workers have shown a chira1 microstruc;:~W-~E;_:!.l' photoresist using a holographic method. 21 The samy ~-9Pr cept can be extended to fabricate helical shuctm:e.~ /:O.. :a holographic polymer-dispersed liquid crystal (H-PD~rH? make an actively switchable helical structure. The f~,_hr~~\a: tion method and electro-optical properties of mict-RJYH_~: tures using holographic methods in polymer-clijll~rirt\ liquid crystals (PDLCs) are well understood. (1) ¥-~bgre I is the resulting intensity, r is the spatial position :;ector~ lj{ is the number of coherent beams or fold symmetry, and the K are the wavevectors. The constructive interfere1TICe pofnt lies at the location where it satisfies the llragg's T! ~~. . . 
matic, linearly polarized beams with the same pola~· ~;~g1e· were symmetrically distributed along the azimuthal ·pla.ne, creating an interference pattern consisting ofhigh-inten$ity regions forming hexagonal pattern posts [ Fig. l(a) ]. The lattice parameter or the separation distance betw~e11 the posts can be calculated using Bragg's law:
where d is the separation between the posts, A. is thy;;~:<lEj edness of the beam used. Figure 1 shows the resulthlg irpdiance pattern frmTI six symmetric beams comparecltb thb helical pattern resulting from an additional central beam.
The blue parts represent the high-intensity regions, whil_{{ the void spaces represent low-intensity regions of the irratli~ ance pattern. The pitch length of the discrete helical posts is determined by both the beam angle and the wavellli'lgth of the laser 21 and is given by ~w pr~ar
where l is the pitch length of the helical structurJ.''\~)ii~e vectors Kn and polarization vector E 11 for all seven' l!V3VilS used are summarized in Table 1 . cross sections consisting of polymer helical posts. The SEM image in Fig. 3(a) shows an array of spiral-like micmsti·l!ctures. The top surface of the H-PDLC film directly,IJ<il\!i~l1r the glass substrate is exposed by the pealing proc~~~S!~:ff~:
hexagonal array of helices is clearly apparent in the,E-~1 image in Fig. 3(b) . The specimen exhibits smooth d~·~~ planes along the layer boundalies in Fig. 3 above. Broad band focused white light is also diffraete"){d dispersed into six bright spectra shown in Fig. 4(b) . Tl~e.~ :), Fourier transform of the hexagonally patterned helical structure shows six discrete sharp peaks matching the dif~ fraction pattern [ Fig. 4 (inset) ].
--· · · · The fabricated helical pitch is of the order of 3.2 !lm and corresponds to a wavelength in the infrared regiofl: To reflect the circularly polarized light in the visible \\ 7 aVe~ length range the helical pitch length must be in theprdprof visible wavelengths. The period and pitch of the fabl19,a\~11 helical structure can be determined in many diffen:~~~j~V{lY,~
The external polar angle $ used for this set of expe_t:iifl~~~ . ~he reflection is in the IR region. Fourier transform irif1~ai·e<:l (FTIR) spectroscopy measurements in transmissf(m and reflection mode were carried out in the range from 1000 to 5000 cm-1 showing a peak at 3200 cm-1, but this \vav:enumber also corresponds to the C-H alkanes bonds cOmmon in the acrylate monomers used. The measured period and pitch from the SEM were 0.60 and 2.3J.lm, respectively. The difference in the values measured in the SKM Jmage is attributed to shrinkage and distortion during sam-P,1~ ]?reparation. The optical polarization microscope images al~o sht)\\red hexagonal spots but the measured lattice period '~'a,~ t\vice the expected length and the intensity of the points ohierved varied periodically. The result strongly suggests qi.ffer{mt polarization and phase retardation across the samp1~ and also has a repeating hexagonal pattern to it.
Electro-optical properties
\Vhen an electric field is applied across the sample, the LC )nolecules are aligned parallel to the applied field and the sample becomes transparent due to matched optical indices ~etween the LC and the polymer. Both optical properties l:Iue to· helical structure and hexagonal periodicity can be ., The helical pitch length decreases with increasing r.oi'ar angle of the six symmetric side beams (Fig. 6) . The res\1-fts are plotted for the 532-and 351-nm wavelength lasers available in our lab. The helical structures investigated afmve were fabricated with a 532-nm green laser and the resulting pitch length was 3. (derived from Brewster's angle) to go through the glass substrate to create satisfactory H-PDLC structures. The design is still limited to pitch lengths longer than580 nm. The helical pitch and the polar angle relationship can be reversed by directing the circularly polarized beam from the opposite direction of the sample with respect to the six other beams. 'Vhen reversed, the helical pitch length decreases with decreasing polar angle, and the angle of incidence is not limited by total reflection at low angles. Using these design helical structures with much smaller pitch lengths can be fabricated as the limiting constraint is the size of the optical components.
Shrinkage
The aspect ratio (pitch:period) of the helical coils is -4:1. At ~his aspect ratio, the coil looks more like a straight column >vhen viewed form the axis perpendicular to the helical axis. ,D~ring the sample preparation, significant recoil of the helic~l struCture occurs due to polymer shrinkage which makes ~l1~)~e~ices prominent in the SEM images. Pang and eo-worker re1iort a vertical shrinkage of ~ 70% at the regions where nOrnial spirals were observed. 21 The recoil characteristics of the helices during polymer shrinkage can be utilized to ~chieve helices with a much shorter pitch to bring the IR i·ange helical samples to the visible or UV range.
Applications
The holographically formed helical structure in H-PDLC ~ms diffractive properties depending on the arrangement of th~ helical posts and special reflective properties which disci-iminates circularly polarized light. Both these optical properties can be electrically controlled. This type of film with. switchable reflective and diffractive properties has n1aTI:y applications in displays, spcctroscopy, lasers, and communication as optical components in the form of polarizers, 0lters, and anti-reflection coatings.
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Outside of optics, the he1ical structures have a wellcontrolled porous structure, high surface area to vohlme ratio, which could be of use as substrates for bio sensOrs, nano shock absorbers, and for precise nano filtration systems.
Conclusion
Thin films with three-dimensional helical microstructures were fabricated in a holographic polymer dispersed liq1.-1~d crystal. The film has specific reflective and diffractive prqpetties and is a topic worthy for further scientific investigation for new electro-optical devices and applications. Tl,\e physical dimensions of the helical posts formed by the holographic method are determined by the wavelength, h~Um configuration, and the exposure parameters. The fonna'tion of helical structures with this technique is investigafe(} With scanning electron microscopy and their diffraction pattern and switching properties are also discussed. 
